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Abstract The annexins are a family of calcium- and phospho-
lipid-binding proteins that have been widely studied in animals.
Investigation of annexins in the fungus Aspergillus fumigatus
identi¢ed a novel annexin-like gene (ANXC4) as well as two
conventional annexins (ANXC3.1 and ANXC3.2). The genes
were initially identi¢ed by bioinformatics, and sequences were
then determined experimentally. Reverse transcription polymer-
ase chain reaction indicated that all three genes were expressed.
ANXC4 lacked calcium-binding consensus sequences and had a
553 residue N-terminal tail. However, bioinformatics indicated
that ANXC4 is an annexin and homologues were identi¢ed in
other ¢lamentous fungi. ANXC4 therefore represents a new
grouping within the annexin family.
, 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
The annexins are a family of Ca2þ- and phospholipid-bind-
ing proteins found throughout the eukaryotes [1^3]. Each an-
nexin can be divided into a conservedV35 kDa core domain,
which interacts with membrane phospholipids in a Ca2þ-de-
pendent manner, and a variable N-terminal tail, which inter-
acts with other annexins or di¡erent proteins [1]. The core is
made up of four V70 amino acid repeats which contain the
consensus endonexin sequence GxGTTD/E [4]. Sequences
specifying ‘type II’ and ‘type III’ Ca2þ-binding sites as well
as a phosphatidylserine-binding sequence have been identi¢ed
[5,6].
A wealth of observations including co-crystallisation of an-
nexins with phospholipids [7,8], reports of membrane binding
and aggregation by annexins (e.g. [9,10]) and the Ca2þ-depen-
dent association of annexins with endosomal membranes [11]
have led to annexins being implicated in a diverse range of
functions including exocytosis and membrane fusion, as well
as Ca2þ channel regulation [1,12,13]. At least 13 annexins
have been identi¢ed in humans, with di¡erent functions de-
scribed or proposed for di¡erent annexins [14].
A fungal annexin has previously been identi¢ed in Neuro-
spora crassa by bioinformatics [2], and we have identi¢ed an
annexin in Aspergillus niger (accession number AY033935_1;
V. Khalaj, G. Robson, J. Brookman, manuscript in prepara-
tion). Here we describe the identi¢cation and sequencing
of three novel annexin genes (ANXC3.1, ANXC3.2 and
ANXC4) in the human pathogenic fungus Aspergillus fumiga-
tus and show that ANXC4 is unlike any previously reported
annexin.
2. Materials and methods
2.1. Database searches
The A. fumigatus genome (The Institute for Genome Research;
www.tigr.org) was searched with the ANXA protein sequence
(AY033935_1) using tblastn. The corresponding DNA contig sequen-
ces were downloaded from TIGR and gene predictions carried out
using Genscan and Gene¢nder (Genscan: genes.mit.edu/GEN-
SCAN.html; settings: organism=vertebrate; suboptimal exon cut-
o¡= 1.00: Gene¢nder, genomic.sanger.ac.uk/gf/gf.html; FGENESH
(with donor GC); settings; organism=yeast). Predictions were visual-
ised in Artemis (http://www.sanger.ac.uk/Software/Artemis/ [15]) and
modi¢ed by alignment with known annexins.
Database searches to identify annexins in other fungi were carried
out at the following web sites: Candida albicans, www-sequence.stan-
ford.edu/group/candida/search.html (Stanford Genome Technology
Center ^ sequencing was accomplished with the support of NIDR
and Burroughs Wellcome Fund); Saccharomyces cerevisiae, Schizosac-
charomyces pombe and Encephalitozoon cuniculi, www.ncbi.nlm.nih.
gov; N. crassa, www-genome.wi.mit.edu/annotation/fungi/neurospora
[16]; EST database, www.blast.genome.ad.jp and cogeme.ex.ac.uk.
Searches of the Aspergillus nidulans genome along with some N. crassa
and Magnaporthe grisea searches were carried out using downloaded
data running on a local machine (Aspergillus Sequencing Project,
Center for Genome Research, http://www.broad.mit.edu; Magna-
porthe Sequencing Project, Ralph Dean, Fungal Genomics Laborato-
ry at North Carolina State University, http://www.fungalgenomics.
ncsu.edu, and The Center for Genome Research, http://www. broad.
mit.edu). Searches of ANXC4 against the non-redundant GenBank
database (16/7/03 release) and PFAM analysis were carried out lo-
cally.
2.2. Preparation of DNA and RNA
A. fumigatus clinical isolate AF293 (the kind gift of Dr David
Denning, clinical isolate culture collection, Hope Hospital, Salford,
UK) was cultured on Sabouraud dextrose agar (Oxoid). A standard
inoculum of 1U106 spores/ml (¢nal concentration) was added to 50
ml Sabouraud dextrose broth and grown at 37‡C with agitation at 225
rpm. Biomass was harvested in mid-exponential phase by centrifuga-
tion (10 min, 3000 rpm). DNA isolation was performed essentially
according to [17]. RNA was prepared using the FastRNA kit (QBIO-
gene) and treated with RQ1 RNase-free DNase (Promega). General
recombinant techniques were carried out as described in [18].
2.3. Polymerase chain reaction (PCR) ampli¢cation of annexins
gDNA and cDNA were ampli¢ed by PCR and reverse transcription
(RT) PCR respectively using primers that generated overlapping frag-
ments thereby covering the entirety of each gene. cDNA sequence was
generated from RACE-ready cDNA (RACE: rapid ampli¢cation of
cDNA ends), synthesised using the Invitrogen GeneRacer Kit. Prim-
ers were designed to produce fragments covering the length of the
predicted genes and untranslated regions (UTRs). For instance,
ANXC3.1-speci¢c primers LCS1 (5P-TCAGCAAGTACCAGAAG-
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TC-3P) and LCS2 (5P-GATCCTTCGCCTTAGACA-3P) ampli¢ed a
fragment of 354 bp from both genomic and cDNA; ANXC3.2-speci¢c
primers LCS35 (5P-TCCGACTATGTCATACAACC-3P) and LCS4
(5P-CTTCGTCGACGTTGTTGAC-3P), spanning a putative intron,
ampli¢ed a fragment of 1042 bp from gDNA but a fragment of 968
bp from cDNA; and ANXC4-speci¢c primers LCS5 (5P-CAT-
GAAGGCAGAACTCAAG-3P) and LCS6 (5P-TGCAACAGCA-
GAGCATCG-3P), also spanning a putative intron, ampli¢ed a 415
bp fragment from gDNA and a 351 bp fragment from cDNA.
DNA fragments were cloned into pGEM-TEasy (Promega) and
used to transform Escherichia coli TOP 10 cells (Invitrogen).
5P and 3P ends of sequences and corresponding UTRs were deter-
mined by RACE, using the Invitrogen GeneRacer kit with the follow-
ing primers: ANXC3.1 5P, 5P-CTGAGGATACGCTCCCTGAGG-
CGGATAC-3P ; ANXC3.1 3P, 5P-GCCACCTGGAAGATGCGCTA-
CTGTCGAT-3P ; ANXC3.2 5P, 5P-GGCATGGCGGGTGGGCCTT-
GGAACTG-3P ; ANXC3.2 3P, 5P-GTCAAGCGCGCGTACCACCA-
TCGGTAC-3P ; ANXC4 5P, 5P-GGCACCAGTCATCTCAGGGTA-
GGTCGACA-3P ; ANXC4 3P, 5P-TCGTCGGCGCTATGGGGAA-
CGGCTTGA-3P.
Automated DNA sequencing was carried out by MWG Biotech
(Milton Keynes, UK).
Fig. 1. Genomic and cDNA sequences for A. fumigatus annexins. A: ANXC3.1. B: ANXC3.2. C: ANXC4. Genomic DNA sequence was de-
termined experimentally. cDNA sequence was determined by cloning and sequencing PCR products using RACE-ready cDNA as a template.
5P- and 3P-UTRs and start and stop codons were determined by RACE. The experimentally determined gDNA sequence of ANXC4 started at
base 494 of the sequence given in C. Mature mRNAs are shaded and coding regions are given in bold. TATA and CAAT boxes and polyade-
nylation sites were identi¢ed using programs in WebGene (http://www.itba.mi.cnr.it/webgene/) and are shown underlined where they fall within
the experimentally determined region.
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2.4. Southern analysis
Southern blotting was carried out as described in [17]. A. fumigatus
genomic DNA was digested with restriction enzymes, run out on a
1.5% agarose gel, transferred to nylon membranes and probed with
the following A. fumigatus annexin fragments: ANXC3.1, 1.2 kb,
corresponding to bases 407^1575 in Fig. 1A; ANXC3.2, 1.8 kb, cor-
responding to bases 1^1788 in Fig. 1B; ANXC4, 1.8 kb, correspond-
ing to bases 1691^3488 in Fig. 1C. Probes were digoxigenin-labelled
using the DIG-High Prime DNA Labeling kit (Roche). Southern blots
were washed at moderate (2USSC washes) or low stringency (3USSC
washes).
2.5. Phylogenetic analyses
Phylogenetic analysis of sequences was carried out using PHYLIP
[19], essentially as described in [20], with the exception that distance
matrices were generated using PROTDIST with the Jones^Taylor^
Thornton model and trees were inferred from distance matrices of
bootstrap replicate data using NEIGHBOUR. The multiple alignment
used for the analyses was that given in Fig. 2A with A. nidulans
sequences added, without the variable N-terminal tail, and with
gaps removed. Trees were viewed using TREEVIEW [21].
3. Results and discussion
3.1. Identi¢cation of annexin genes in A. fumigatus
The A. fumigatus genome (www.tigr.org) was searched
with the A. niger annexin protein sequence (GenBank
AY033935_1) resulting in three matches, with E values of
1.5e-88, 4.9e-64 and 1.8e-11. Following analyses of these re-
gions of the genome, three annexin genes were identi¢ed. A
unifying annexin nomenclature has been proposed by Morgan
and Fernandez covering all eukaryotes ([22,23], www24.brink-
ster.com/annexins/seq/sequences.asp). Taking into account the
relationships between the three new annexins (see below), the
new proteins were given the next available numbers in the
ANXC grouping (fungi and mycetozoa), and are henceforth
referred to as ANXC3.1, ANXC3.2 and ANXC4 (ANXC1
and ANXC2 correspond to Dictyostelium discoideum annexins
[23,24]).
gDNA and message sequences were experimentally deter-
mined for all three genes: gDNA constructs were generated by
PCR and sequenced, cDNAs were cloned and sequenced, and
the 5P and 3P ends of the genes were determined by RACE.
Comparison of the gDNA and message sequences enabled the
identi¢cation of introns. Gene sequences are given in Fig. 1
and the deduced protein sequences in Fig. 2. Southern blot-
ting was carried out using fragments corresponding to each of
the three genes as probes (Fig. 3). This demonstrated that
only a single copy of each gene was present in the A. fumiga-
Fig. 1 (Continued).
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tus genome. While cDNA cloning and RACE are dependent
on the expression of the message of interest, RT-PCR was
also carried out using mRNA extracted from cultures of A.
fumigatus as the template. This con¢rmed that all three an-
nexin genes were expressed (Fig. 4).
3.2. ANXC4, a novel class of annexins
The bulk of the ANXC4 gene corresponded to a large open
reading frame (the second exon) with the 5PATG toward the
5P end of this exon. Since there were a number of stop codons
upstream of this ATG and in the ¢rst exon, it was concluded
that the ¢rst exon is not translated. Untranslated exons are
unusual, but not without precedent, and examples have been
reported previously in fungi [25^27]. The untranslated exon
could play a role in the regulation of translation.
Searches of the N. crassa and M. grisea genome data-
Fig. 2. A: Protein sequences for A. fumigatus annexins, shown aligned with other fungal and animal annexins. Sequence name abbreviations
are as given in Table 1 with the addition of ANX7DD, annexin 7/ANXC1, D. discoideum. ‘Endo’; endonexin sequence consensus [29]; ‘II’,
type II Ca2þ-binding sites [5,6] ; ‘PS’; the phosphatidylserine-binding consensus, which is only found in the ¢rst two repeats of annexins [6]. In
some cases Ca2þ binding by particular residues is supplied by backbone carbonyls and so the relationship between sequence consensus and
Ca2þ binding may be complex [5,6]. B: An alignment of the ANXC4 N-terminal tails. Shading indicates residues identical in at least half of
the sequences (A), or in two sequences (B).
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bases identi¢ed the ANXC4 homologues NCU02139.1 and
MG03714.4 which aligned with ANXC4 (Fig. 2A,B).
ANXC4 was also identi¢ed in the A. nidulans and Fusarium
graminearum genomes (data not shown), and an EST corre-
sponding to ANXC4 was identi¢ed in Mycosphaerella grami-
nicola (AW180333). ANXC4 is therefore not restricted to A.
fumigatus.
Comparison of the three ANXC4 proteins with fungal and
human annexins indicated many signi¢cant di¡erences. The
N-terminal tails were 299^553 amino acids long, considerably
longer than any other annexin tail (Fig. 2B), with a number of
conserved regions. Karabinos et al. [28] recently reported an
annexin from the chordate Ciona intestinalis (GenBank acces-
sion CAE01321) which has anV400 amino acid intermediate
¢lament sequence fused to the N-terminus. ANXC4 N-termi-
nal tails showed no similarity either to the Ciona N-terminus
or to intermediate ¢laments in general as assessed by Blast
and PFAM (data not shown); however, these data do suggest
Fig. 2 (Continued).
Fig. 3. Southern blots for (A) ANXC3.1, (B) ANXC3.2 and (C)
ANXC4. The double band in B is due to EcoRI cutting within the
ANXB gene, yielding two hybridising fragments.
Fig. 4. RT-PCR of mRNA from A. fumigatus cultures to demon-
strate expression of ANXC3.1, ANXC3.2 and ANXC4. Lanes 3, 6
and 9, no template; lanes 4, 7 and 10, gDNA template; lanes 5, 8
and 11, cDNA template. ANXC3.1, gDNA and cDNA products are
both 354 bp; ANXC3.2, gDNA product is 1042 bp, cDNA product
is 968 bp; ANXC4, gDNA product is 415 bp, cDNA product
is 351 bp. ANXC3.1, primers LS1+LS2; ANXC3.2, primers
LS35+LS4; ANXC4, primers LS5+LS6.
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that large functional domains can be present as N-terminal
tails.
The cores of the ANXC4 proteins aligned with the other
fungal and human annexins (Fig. 2A), but only showed 13.5^
30.6% identity to them (Table 1). Examination of the consen-
sus for the endonexin sequence, type II Ca2þ-binding site and
the phosphatidylserine-binding sequence (Fig. 2A) indicated
little or no conservation [5,6,29] : the MxGxG sequence was
not seen in any ANXC4 repeat and, although co-ordination
by these residues is provided by backbone carbonyls, conser-
vation is important for the structure of the Ca2þ-binding loop.
The downstream ‘cap’ D/E of the type II binding site, which
co-ordinates through the side chain carboxyl, was only seen in
repeat II (and in repeat IV of A. fumigatus ANXC4). These
observations make it unlikely that ANXC4 binds calcium or
interacts with membranes in a conventional manner. Recent
studies of annexin A9, which also shows poor conservation of
type II Ca2þ-binding sites, indicated that it only binds Ca2þ at
concentrations higher than would be seen within the cell [30].
This binding was thought to be via type III sites, which again
involve backbone carbonyls, but are not well conserved at the
sequence level. Type III sites may be present in ANXC4, but
ultimately, Ca2þ binding by ANXC4 may have to be assessed
experimentally.
In view of the important di¡erences between ANXC4 and
other annexins, further analyses were carried out: Blast anal-
ysis with the A. fumigatus ANXC4 core gave matches to
mammalian annexin 8 with E values of 1e-11 to 2e-11, as
well as to many other annexins, including the A. niger annexin
AY033935_1 (E=9e-10). Submission to the FUGUE tertiary
structure prediction server (http://www.cryst.bioc.cam.ac.uk/
Vfugue/prfsearch.html [31]), with the PSI-BLAST option
turned o¡ (thereby preventing any sequence matches to an-
nexins before the structural analysis commenced), gave a top
match to annexins with a Z score of 20.30, the next match
scoring only 3.84. Finally, analysis using the PFAM protein
¢ngerprints gave a match to annexins (E=6.5e-4), with no
signi¢cant matches to other families. These data con¢rm
that ANXC4 is an annexin.
3.3. ANXC3.1 and ANXC3.2
The core sequences of ANXC3.1 and ANXC3.2 were well
conserved compared to other annexins (Fig. 2A,B; Table 1;
D. Tuckwell, unpublished observations), showing the endo-
nexin/Ca2þ-binding consensus and the phosphatidylserine-
binding consensus [6,29]. Both ANXC3.1 and ANXC3.2 had
130^140 amino acid N-terminal tails which showed a high
proportion of A, G, P, Q and Y (Fig. 2A) similar to those
seen in human and Dictyostelium annexin 7 (ANXC1), human
annexin 11, and the A. niger and N. crassa annexins. The
calcium-binding protein sorcin interacts with the N-terminal
region of human annexin 7 [32], and the related protein ALG-
2 interacts with annexin 11 [33]. Searches of the A. fumigatus
genome database with human sorcin sequence identi¢ed a
single homologue (E=1.6e-21). This is therefore a potential
binding partner for ANXC3.1 and ANXC3.2.
Previous studies of annexin evolution indicated a single
clade (ANXC) made of fungal and mycetozoan annexins
[2,23,34]. Searches of the A. nidulans genome identi¢ed two
ANXC3-like annexins, while searches of the N. crassa data-
base only identi¢ed a single ANXC3-like gene, corresponding
to the previously described annexin [2]. Phylogenetic analysis
showed that the fungal annexins formed a single clade, with a
duplication leading to ANXC3.1 and ANXC3.2 clades (Fig.
5). These data suggest that there should be an as yet uniden-
ti¢ed ANXC3.2-like annexin in A. niger. The position of the
N. crassa annexin was not robustly determined but it was
clear that this gene did not cluster with either the ANXC3.1
or ANXC3.2 clades. The duplication which led to these two
clades in the genus Aspergillus therefore probably occurred
after the last common ancestor of Neurospora and Aspergillus.
Searches of EST databases identi¢ed ANXC3 annexins in
Coccidioides immitis, Colletotrichum trifolii, Fusarium grami-
nearum, Fusarium sporotrichoides, Magnaporthe grisea, Pleuro-
tus ostreatus, Phytophthora infestans and Phytophthora sojae.
No annexin was found in C. albicans, S. cerevisiae or S.
pombe, or E. cuniculi. Annexins are therefore present in a
wide range of fungi, including ¢lamentous fungi, basidiomy-
cetes, and oomycetes (which are not strictly fungi). The ab-
sence of annexins from yeasts and microsporidia, coupled
with their presence in animals, indicates that annexins were
probably lost from one or more ancestral branches of fungi.
In conclusion, we have identi¢ed three novel annexin genes
in the human pathogenic fungus A. fumigatus. ANXC4 is
radically di¡erent from all other annexins reported to date
and de¢nes a novel subset of annexins found in ¢lamentous
fungi. The function of ANXC4 remains to be determined, but
the clear di¡erences between ANXC4 and other annexins sug-
gest that this gene could be a good target for anti-fungals,
although as yet unde¢ned fungal-speci¢c interactions involv-
ing ANXC3.1 and ANXC3.2 might also make these good
targets for drug design.
Table 1
Percentage identities of fungal annexin core regions against a selection of other annexins
ANXC3.1Af ANXC3.1An ANXC3.2Af ANXCNc ANX7 ANX11 ANX7DDANXC4Af ANXC4Mg ANXC4Nc
ANXC3.1Af ^ 54.3 40.7 37.9 34.2 30.6 34.9 27.6 24.9 23.8
ANXC3.1An ^ 40.2 38.6 31.3 28.3 34.5 17.8 15.8 14.6
ANXC3.2Af ^ 53.7 39.1 31.5 36.5 30.6 28.1 25.6
ANXCNc ^ 40.4 35.1 39.3 24.7 24.0 22.1
ANX7 ^ 53.0 47.9 23.8 22.1 19.9
ANX11 ^ 40.9 17.3 15.5 13.5
ANX7DD ^ 23.7 21.4 20.8
ANXC4Af ^ 68.9 67.4
ANXC4Mg ^ 80.8
ANXC4Nc ^
ANXC3.1Af, ANXC3.2Af, ANXC4Af: A. fumigatus annexins reported here; ANXNc: N. crassa annexin [2]; ANXC3.1An: A. niger annexin
(AY033935_1); ANX7: human annexin 7; ANX11: human annexin 11; ANX7DD: D. discoideum annexin 7; ANXC4Nc: N. crassa ANXC4,
NCU02139.1; ANXC4Mg: M. grisea ANXC4, MG03714.4.
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